Summary
All plant tissue is ultimately derived from the meristems, and the molecular mechanisms that control growth of apical meristems have been widely studied (reviewed in [1, 2] ). In contrast, much less attention has been paid to vascular meristems, such as the cambium and procambium, even though these meristems are the source of woody tissue and therefore generate the majority of plant biomass. Although biomass may represent a novel source of renewable energy [3] , little is known about the molecular regulation of vascularmeristem activity. The vascular meristems participate in a highly ordered developmental process with a very prominent polarity. This polarity results in precisely orientated divisions of meristematic initials that generate files of cells, which differentiate into highly specialized and spatially separated xylem and phloem cells ( Figure 1A ). The factors that are necessary to establish and maintain this polarity remain unknown. This manuscript describes the identification of the pxy mutant in which the spatial organization of vascular development is lost and the xylem and phloem are partially interspersed. The PXY gene encodes for a receptor-like kinase (RLK) that defines a novel role for RLKs in the meristem where it functions to maintain the cell polarity required for the orientation of cell division during vascular development.
Results and Discussion
Although the highly ordered nature of vascular differentiation is most readily apparent in secondary growth ( Figures 1A and 1M ), an analogous process occurs during primary vascular-tissue formation. In the Arabidopsis inflorescence stem, files of cells are generated by a coordinated process of orientated cell divisions and differentiation ( Figure 1B ) that result in vascular bundles forming a characteristic segment shape ( Figure 1C ). In order to identify factors that contribute to the polarity of vascular tissue, we screened a chemically mutated population of Arabidopsis Landsberg erecta (Ler) plants. By examining hand-cut sections of inflorescence stems, we identified a mutant in which the vascular bundles appeared more flattened around the stem ( Figure 1D ). Staining sections with Aniline blue, which causes the sieve plates of the phloem to fluoresce yellow under UV light, demonstrated that the phloem appeared to be adjacent to, or interspersed with, the xylem ( Figures 1E and 1F) . In view of the poor spatial separation of xylem and phloem, the mutant was named phloem intercalated with xylem (pxy). Mutant bundles were significantly narrower in the radial direction and wider in the tangential direction such that the ratio of these two measurements was 1.54 6 0.04 in the wildtype (WT) and 4.53 6 0.27 in pxy (p < 0.001).
A phenotype was also evident in the organization of vascular bundles in petioles. Wild-type petioles exhibit collateral organization with the xylem and phloem, forming distinct layers that are separated by the procambium ( Figure 1G ). In pxy petioles, the vascular tissue is less organized ( Figure 1H ) and resembles the phenotype exhibited in vascular bundles of pxy stems. In contrast, the vascular tissue of roots from pxy seedlings exhibits no obvious phenotypic alterations ( Figures 1I and 1J) . In longitudinal sections, wild-type xylem vessels are straight, and all vessels in a bundle lie mostly parallel to one another within the plane of the section ( Figure 1K ). In contrast, pxy xylem vessels are irregularly shaped and move in and out of the plane of the section, and this results in adjacent vessels having different orientations ( Figure 1L ). Together, these data suggest that both the transverse and longitudinal organization of the vascular tissue is disrupted in pxy stems.
The overall plant morphology of pxy is normal except that the inflorescence stem is shorter than the wild-type ( Figure S1A in the Supplemental Data available online), a common feature of several mutants that exhibit altered vascular tissue in the stem [4] [5] [6] , and the underside of the cotyledons is red in colors consistent with anthocyanin accumulation ( Figure S1B ). Despite the red color of the cotyledons, the pattern of venation was similar to the wild-type ( Figure S1C ). Similarly there was no obvious alteration in the pattern of leaf venation (data not shown). pxy therefore affects the organization of vascular tissue within a bundle rather than the organization of bundles within an organ.
Map-based cloning was used to demonstrate that pxy was caused by a mutation in At5g61480 (Figure 2A ), and this mutation resulted in a change from a glutamine to a premature stop codon at position 971, causing the predicted protein sequence to be truncated by 91 amino acids ( Figure 2B) . A clone containing only At5g61480 entirely complemented the pxy phenotypes and restored both normal vascular-tissue organization and plant growth ( Figures 2C and 2D ). Reverse genetics was used to identify four additional T-DNA insertions within At5g61480 in the Colombia (Col) background ( Figure 2B ). These T-DNA insertions also gave the pxy phenotype ( Figures S3A-S3D ), confirming that it is indeed caused by a mutation in At5g61480 (henceforth referred to as PXY). The predicted protein encoded by the PXY gene contains a putative kinase domain and a predicted extracellular domain with 21 leucine-rich repeats (eLRR) ( Figure 2B ). PXY falls within subgroup XI of the Arabidopsis receptor kinase-like (RLK) family that all contain putative eLRR domains [7] ( Figure S2A ). The pxy-2 allele has a T-DNA insertion that results in the loss of the entire predicted kinase domain (Figure 2B) . Interestingly, this mutant exhibits a less severe phenotype than pxy-1 ( Figures S3B and S3D ), suggesting that pxy-1 may act as an antimorphic allele. There are two other putative eLRR kinases (encoded by At1g08590 and At4g28650) that are obviously very closely related to PXY and that we have named PXY-LIKE (PXL1 and PXL2, respectively) ( Figure S2A and [7] ). Insertion mutants in either pxl1 or pxl2 do not exhibit an obvious phenotype in the stem (Figures S3E and S3F). As judged by broader, flatter vascular bundles and a less clear distinction between xylem and phloem, double-mutant combinations of a Col allele, of pxy (pxy-3) with pxl1 and pxl2, generate a more severe vascular phenotype than pxy-3 alone, suggesting that these genes act synergistically with PXY in regulating vascular-tissue development in the stem ( Figures S3C, S3H , and S3I). The triple-mutant combination did not enhance the double-mutant phenotype (data not shown), and in all mutants some polarity appears to be retained within the vascular bundle, suggesting that other factors maybe involved. It became evident during mapping that the pxy phenotype was clearly more pronounced in the Ler background in which it was isolated ( Figure S3B ; compare to Figures 1C-1F ). Ler carries a mutation in the ER gene that also encodes LRR receptor kinase that affects a number of diverse plant developmental processes including organ shape and spacing of stomata [8, 9] . The data presented here suggest that it may have some role in maintaining polarity of vascular tissue. PXY is related to the LRR-RLK CLV1 (see below); in common with PXY, the most severe clv1 alleles are apparently antimorphic and the clv1 phenotype is more evident in the Ler background [10] .
Subgroup XI of the Arabidopsis LRR-receptor-kinase family also contains CLV1 and BAM1/2/3 ( Figure S2A ) that respectively regulate proliferation and maintenance of the dividing cells in the shoot apical meristem [11, 12] . In order to determine whether pxy might function to regulate cell number in the procambium, we counted the number of cells per vascular bundle. The mean number of the metaxylem cells within each vascular bundle was significantly (p < 0.001) lower in pxy (12 6 0.8) than in the wild-type (19 6 0.8). In contrast, the total number of xylem cells (vessels and xylem parenchyma) per vascular bundle was not significantly (p > 0.05) different between wild-type plants (93 6 4) and pxy (107 6 4) plants, suggesting that although there is a change in the proportion of different cell types, the total number of cells in the xylem remains similar. These data suggest that pxy is not analogous to the clv1 mutant in which proliferation of stem cells leads to large increases in cell numbers. To further examine the distribution of procambial cells, we transformed wild-type and pxy plants with a construct in which the promoter of the ATHB-15/CORONA gene was used to drive expression of the GUS gene (ATHB15GUS). ATHB-15 encodes a presumed transcription factor and is a member of the class III homeodomain-leucine zipper (HD-Zip III) gene family involved in the regulation of early vascular development [13, 14] . In young vascular bundles, ATHB15GUS forms a relatively broad band of expression between the protoxylem and phloem. As vascular-bundle differentiation proceeds, expression is confined to a narrow band of cells in a manner that exactly matches the undifferentiated procambial cells ( Figure 3A) . In very old vascular bundles in which primary vascular development has ceased, GUS activity is also detected in the xylem cap cells that are located inside of the protoxylem ( Figure S2B ). In contrast, pxy plants transformed with the ATHB15 reporter, and GUS activity no longer formed a distinctive layer between the xylem and phloem but appeared interspersed with the xylem (Figure 3A) , consistent with the histochemical analysis described above. This result was confirmed with an alternative marker for procambial-cell identity. BRL1 plays a role in regulating procambial-cell number in the stem [15] . Results obtained from analyzing plants in which the BRL1 promoter is used to drive the GUS gene ( Figure S1D ) are very similar to those observed for ATHB15GUS above marker and confirms the persistence of procambial cells throughout vascular development in pxy. Furthermore, the organization of vascular tissue is clearly affected early on during Figure S1A ). vascular development in pxy ( Figure 4B ) when relatively few xylem and phloem cells have differentiated and vascular bundles contain a high proportion of procambial cells. Consequently, data from both the cell counts and the ATHB15GUS and BRL1GUS reporter-gene analysis suggest that procambial cells are maintained throughout vascular development, indicating that pxy mutants do not behave like bam1, bam2, and bam3 and that the phenotype is not a result of inappropriate differentiation of procambial cells. So whereas PXY, CLV1, and BAM1, BAM2, and BAM3 are all essential for meristem function and are structurally similar, PXY appears to function as part of a quite different mechanism. Two other more distantly related LRR-RLKs regulate different aspects of vascular development. BRL1 is described above, and a second, VH1, is involved in the transition to a procambial-cell fate [16] . In addition to regulating the orientation of cell division, vascular-cell polarity is also important in maintaining the continuity of the vascular network (reviewed in [17] ). A proteoglycan named xylogen has been identified that promotes xylem-cell differentiation and is secreted from the end of the cell in a polar manner that is required for the continuity of the xylem [18] .
The very ordered pattern of vascular development seen in the stems is a result of orientated cell divisions that appear coordinated between adjacent procambial cells. The fact that cell files are no longer clearly identifiable in pxy suggests that the orientation of cell division is lost. Thin sections were used to more carefully examine procambial-cell divisions. In the wildtype, adjacent procambial cells divide in a coordinated manner along a defined division plane, and this results in a band of procambial cells separating the xylem and phloem ( Figures 4A, 4C, and 4E) . In pxy plants, however, divisions are not localized to a discrete domain. When dividing cells are observed in pxy vascular bundles, they are much more widely distributed within the vascular bundles ( Figures 4B, 4D, and 4F) . Individual procambial cells frequently occur adjacent to differentiating xylem, and the division plane exhibits no obvious correlation with adjacent cells, the organization of the vascular bundle, or the overall organization of the stem ( Figure 4F ). Interestingly, although the separation of xylem and phloem is lost in pxy, both tissues still form, suggesting that spatial separation of xylem and phloem is not necessary for their proper differentiation. This finding implies that the fate of procambial cells is controlled by some quite separate mechanism.
A number of mutants, such as kan, abv, rev, and phb, that affect the polarity of plant organs have been identified [19] [20] [21] [22] . In some alleles of these mutants, vascular bundles of the stem may exhibit an amphivasal organization in which the xylem surrounds the phloem; however, they still exhibit ordered cell division of the procambium and have spatially separated xylem and phloem [23] . These observations suggest that there are two polarity cues required for normal vascular development. One is controlled by genes such as kan, abv, rev, and phb that polarize xylem and phloem over a long distance and reflect the polarity of the organ. The other is shorter range, involves the PXY gene, and operates within the vascular tissue to ensure the segregation of the xylem and phloem by polarized division of the procambial cells.
It is possible that loss of orientated cell divisions may result from a disruption to a pathway that acts directly to polarize cells or indirectly by affecting a pathway that is required to set up the original polarity of the vascular bundle. To examine these possibilities, we measured PXY mRNA levels by using real-time quantitative PCR. Although PXY expression was elevated in the pxy mutant, the pattern of expression was essentially the same as the wild-type and occurred throughout the course of stem development ( Figure 3B ). To gain a more detailed picture of PXY gene expression, we cloned the PXY promoter in front of the GUS reporter gene. PXY was expressed in the vascular tissue of a variety of organs including the veins of leaves and the stele of roots ( Figure S2C ). In the stem, the pattern of GUS expression was almost identical to that of ATHB15 and appeared to be confined to the procambial cells in developing vascular bundles throughout the course of vascular-bundle development ( Figure 3C ). This link between PXY and the procambial-specific marker ATHB15 is further strengthened by analysis of publicly-available expression data that show a very strong correlation between the expression of these two genes (data not shown). Consequently, both realtime quantitative PCR and reporter-gene data give an expression pattern that indicates that PXY may not only be required very early in vascular development to initialize the polarity of the vascular bundle but also is continuously required throughout the course of stem vascular-tissue development.
PXY is expressed in dividing procambial cells, and given the close predicted domain structure and its similarity to CLV1, it is likely to act as receptor. The data presented here are consistent with a model in which expression of an extracellular ligand in either the adjacent developing xylem or phloem would result in an instructive signal to only one side of the procambial; this signal could be translated into cell-polarity information and used to determine the orientation of cell division ( Figure 1M ). In plants in which PXY is defective, this polarity information would be lost, resulting in random positioning of the division plane and a concomitant breakdown of the ordered pattern of cell division ( Figure 1N) . A role for PXY in a signaling pathway that transmits information required to determine the proper cell-division plane during vascular development is consistent with the known function of several plant receptor kinases. For example, SCM is essential for transmitting positional information necessary for the proper cell fate of root epidermal cells [24] . Furthermore, the putative receptor kinase ER and the membrane-bound eLRR containing TMM protein are both essential components of a pathway that influences the division plane of meristemoid cells and regulates the correct spacing of stomata in the pavement epithelial cells of leaves [8, 25] . A model in which PXY expressed in procambial cells receives information from adjacent tissue would be analogous to the mechanism that controls the division of EMS cells in C. elegans embryogenesis, where the division plane is dependent upon the position of the adjacent P2 cell [26] that confers information via the WNT signaling pathway [27] .
The data presented here demonstrate that PXY, an LRR kinase, plays an essential role in maintaining polarity within the vascular meristems and represents an important step forward in our understanding of this relatively poorly studied type of meristematic tissue. It may also represent a more general pathway for all plant meristems in which LRR kinases function to both regulate the differentiation of stem cells and maintain the polarity that determines the orientation of cell division. 
